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1. IntroductIon
The upper layer of ocean with nearly uniform hydrographic 
properties is defined as surface mixed layer and it plays an 
important role in the air- sea heat, moisture and momentum 
exchange. Mixed layer depth (MLD) is an essential parameter 
for the weather prediction, biological production, tropical 
cyclone formation studies and is also an important input for 
all biogeochemical studies. MLD is chiefly controlled by the 
surface stress (due to momentum transfer by wind), buoyancy 
fluxes (due to change in density by heat and fresh water fluxes) 
and dissipation. Hence, variability in the mixed layer depth can 
be related to the contribution of these processes. Under water 
acoustics are mainly dependent on sound speed profiles, which 
are purely dependent on thermo-haline properties, depth and 
behaviour of MLD. Similar to MLD, there exists a surface layer 
of interest, viz., sonic layer depth (SLD), which characterises 
acoustic ducts in the ocean. SLD is the vertical distance from 
ocean surface to the depth of a sound speed maximum. The 
processes in the mixed layer determines the sonic layer depth 
(SLD), often SLD and MLD coincides. When sound travels 
in a duct, it is prevented from spreading in depth and remains 
confined between the boundaries of the sonic layer and can 
be transmitted for great distances1. Depending on the SLD, 
there exists a ‘cut off frequency’ above which sound tends to 
be ‘trapped’ near the surface2. Hence SLD and the associated 
‘cut off frequency’ are the key characteristics of the ducted 
propagation in the upper ocean. 
To understand the upper oceanic physical processes, 
many have studied the seasonal variability of mixed layer 
budget terms in the SEAS by analysing the observational and 
model simulated data sets3-8. But it is well evident that salinity 
is also playing a significant role in the upper ocean dynamics 
in the SEAS9-11. In view of the significance of salinity, Salinity 
Processes in the Upper-ocean regional study (SPURS)12 have 
been carried in the North Atlantic (SPURS-1) and Pacific 
(SPURS-2) to improve understanding of the physical processes 
influencing upper-ocean salinity. So we also designed a scientific 
program to understand the short term variability of heat and 
salt budget terms in the mixed layer. It is well-known that the 
MLD varies on diurnal to inter-decadal time scales, but high 
frequency fluctuation (diurnal) in MLD is poorly understood 
due to the insufficient data. Hence to study the various physical 
process of the MLD we designed an experiment to collect 
data at 3 hour interval to estimate the heat and salt budgets 
of the mixed layer. A heat (salt) budget, as the name suggests, 
is a process of accounting for all of the heat (salt) entering 
or leaving a control volume (or box) in the ocean12. Budget 
studies usually require continuous observations of CTD 
casts and surface met observations, hence require multiple 
ships and mooring platforms. Recently National Institute of 
Ocean Technology (NIOT) has deployed Ocean moored buoy 
network for northern Indian Ocean (OMNI) buoys along the 
seas around India, which transmit met–ocean data to the shore 
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at 3 h interval via International Maritime Satellite Organisation 
communication system13. The OMNI buoys are equipped with 
additional meteorological measurements for radiation, rainfall 
and subsurface measurements on conductivity, temperature 
and currents. These buoy data has given a unique opportunity 
to study the heat/salt balance in the nearby locations. Hence we 
planned a butterfly type experiment very close to the OMNI 
buoy, AD09, off Minicoy. The main oceanographic objective 
of the study is to investigate processes that control temperature, 
salinity, and thickness of the oceanic mixed layer depth (MLD). 
Similar experiment was conducted during spring under Armex 
project14 but they were not addressed the salt budget terms. 
Hence, the in situ observation for the budget analysis for heat 
and salt terms in the mixed layer is first of its kind in Arabian 
Sea. The analysis of heat and salt water budgets in the mixed 
layer have significant role in air-sea heat flux, evaluation of 
ocean models and performance of sonar range prediction. 
The short-term thermo-haline variability off Minicoy, relative 
contribution of heat/salt budget terms in MLD and its effects 
on acoustic propagation are addressed in this paper.
2. MAtErIAl And MEthodS
2.1 Materials
In order to estimate lateral heat and salt advection, a 
butterfly type of repeat track cruise (Fig. 1) was carried out in 
the SEAS (off Minicoy) onboard INS Sagardhwani during 27 
Jul 2016 to 2 Aug 2016. The centre of the butterfly survey, C 
is chosen close to the OMNI buoy, AD09 located at 73.302°E: 
8.261 °N in the south eastern Arabian Sea. The distance 
between C and any of the four vertices E, W, N or S is about 
7 Nm. The distance from W to N and S to E is approximately 
10 Nm. During this mission, we occupied 141 CTD stations 
by repeating 23 butterfly tracks: consisting of 24 zonal tracks 
(E-C-W) and 23 meridional tracks (N-C-S). Station C occupied 
at 47 time approximately at 3 h interval. Similarly, stations 
E W, S, N were occupied at 6 h interval. In addition to this, 
to estimate the light attenuation coefficient for heat budget 
study we also collected 33 water samples for chlorophyll-a 
estimation. All CTD data have been quality controlled and 
interpolated as per the standard procedures to make all profiles 
at 1m intervals. We define and compute the MLD as the depth 
where the water density is higher by 0.125 kgm-3 than the 
density at 5 m. Similarly, the isothermal layer depth (ILD) 
is defined as the depth at which the temperature changes by 
0.5°C from the temperature at 5 m. Sonic layer depth (SLD) is 
defined as the depth at which sound speed maxima occurs in 
the upper layers.
2.2 Methods
In this study we simplified the the mixed layer heat budget 
terms15-16 into: 
0
0 p
QT T TU V D
t C h x y
∂ ∂ ∂= − − +
∂ ρ ∂ ∂
                                  (1)
 Similarly the mixed layer salt budget terms10,17-18 are 
simplified into: 
0( )E P SS S SU V R
t h x y
−∂ ∂ ∂= − − +
∂ ∂ ∂
                              (2)
where T is the vertically averaged temperature over the MLD, 
h ; Q
0
 is the near-surface net heat flux; ρ
0
 is the density of 
seawater (1,024 kg m–3); Cp is the specific heat capacity of 
sea water (4,000 J kg-1K-1); t is time (3 h); U and V are zonal 
Figure 1. Survey area and station locations. Ad09 is the oMnI buoy. color scale is the bathymetry of the region in meters.
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and meridional components of velocity respectively. S
0
 in 
Eqn. (2) represents mixed layer salinity; E is evaporation; 
P is precipitation. Ideally, current, temperature and salinity 
averaged over the mixed layer are used to estimate the 
horizontal advection terms in the budget studies. Due to the 
lack of ADCP data, we use 10 m current data of AD09 is a 
proxy for ML averaged current. D and R represents the residual 
terms includes the physical processes we are not accounted 
and errors related to instrumental accuracy, temporal, spatial 
accuracy. 
The net surface heat flux (Q0)
14
 is calculated as
Q
0
 = Qs – (Qp + Qb + Qe + Qh)                                       (3)
Qs = net shortwave radiation, Qp = shortwave radiation 
that penetrates below the ML, 
Qb = net long wave radiation, Qe = latent heat flux, and Qh 
= sensible heat flux.
Qp = Qs * (1 − α) − h/ζ                                                   (4) 
(Sengupta4, et al.; Parampil19, et al.) 
where α = 0.58 is the fraction of red and infrared part of 
shortwave radiation, which is generally absorbed within the 
upper 2 m of the water column. ζ is the attenuation depth. 
ζ = 1/(0.027 + (0.0518 * chlorophyll a )20
3. rESultS And dIScuSSIonS
The surface heat flux terms, such as shortwave radiation 
(Qs), long wave radiation (Qb), latent heat flux (Qe) and sensible 
heat flux (Qh) derived from AD09 are presented in Fig. 2. The 
radiative flux observed in the AD09 and flux values derived 
from tropflux shows relatively better agreement except for long 
wave radiation. So in this study we used long wave radiation 
from tropflux and rest of the terms from AD09 to compute 
surface flux. The penetrative radiated flux is always observed 
less than 14 W/m2 with an average of 6 W/m2 possibly due 
to deep MLD. Satellite derived surface winds and currents 
are plotted in the Fig. 3. Relatively strong winds are blowing 
during the initial phase of the survey. However the current plot 
did not show any noticeable change during the survey.
To understand thermo-haline variability off Minicoy, 
Depth-Time sections of temperature, salinity, SST and SSS 
for the buoy AD09 and the station C were plotted (Fig. 4). In 
general, very deep isothermal layers were seen during the period 
and SST was relatively cooler, however warmer waters (>28.5 
°C) are occupied till 28 July 2016. During the early phase of 
our observation, thermal structure showed more fluctuations 
than that observed in the remaining period. Diurnal oscillations 
in thermal structure were clearly seen from 30 Jul onwards. In 
the salinity structure, it can be inferred that the relatively very 
low saline waters were observed at the surface layers during 
27-29 July 2016 and the influence of the surface freshening is 
visible up to 60 m depth. Although the rainfall extends only 
few hours its manifestations at the surface layers remained for 
several hours. Similarly ASHSW was clearly seen in the sub-
surface layers and it oscillated from 50 m to 100 m at C, but its 
signatures are weakened from 31 July 2016 onwards. In general, 
AD09 data showed good agreement with the observations. 
However, the surface salinity and hence the MLD showed 
marked discrepancies between the buoy and ship observations. 
SLD we computed from the data showed more variability 
Figure 2. distribution of (a) short wave radiation, (b) longwave 
radiation, (c) latent heat flux, (d) sensible heat flux, 
and (e) rain rate at Ad09. red and green lines in (a) 
- (d) represents daily average of AD09 and tropflux 
data, respectively. 
during the initial period of survey thereafter it follows the 
temperature section. Relative importance of each term in Eqns. 
(1) and (2) are estimated at every 3 h interval and is presented in 
Fig. 5. Temporal contribution of surface flux, horizontal 
advection and the resultant contribution (surface flux + H. 
advection) on heat (salt) terms of the MLD are showed in the 
top, middle and bottom panels respectively. The net surface 
heat flux in the MLD is mainly dominated by the incoming 
solar radiation during day and the latent heat of evaporation 
during night. Though the contribution of horizontal advection 
is very little in the ML budget, the contribution of meridional 
advection is slightly higher than the zonal advection. Hence 
in this study we can clearly perceive that surface flux is the 
dominating term in the mixed layer temperature estimation, 
followed by advective terms. The surface and horizontal flux 
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Figure 3. Satellite derived surface winds (AScAt) and surface currents (GEcKo) during the survey period. red star in the plot 
represents the centre point, C, of the butterfly track.
Figure 4. temporal evolution of temperature (left panel) and salinity (right panel), SSt and SSS of Ad09 buoy and the ship location 
at c. ((a), (d)) Ad09 ((b),(e)) stn c (c) SSt and (f) SSS. Mixed layer depth is indicated by the thick black line, isothermal 
layer depth by the dashed black line, and depth of the 23 °c by blue lines, respectively. black line indicates the buoy and 
red line represents ship data ((c) & (f)). 
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terms in the mixed layer salt budget did not show any 
significant contribution of ML salinity hence the residual 
term is dominated in the mixed salt budget. It can be clearly 
seen that salinity tendency showed an increasing trend 
during the night time and the residual terms exactly follows 
the salinity trend. Hence residual term may be attributed 
to the buoyancy mixing due to night time cooling, which 
dominates in the salt budget terms.
To understand the significance of the T-S variability on 
acoustic propagation, transmission loss modelling21 (Kraken 
RQ) has been done for the frequency of 1500 Hz, source at 
10 m and 50 m for three selected profiles. The results are 
presented in Fig. 6. Among the three profiles, two profiles 
corresponds to the diurnal warming time (during a strong 
windy day and weak windy day) and one profile corresponds 
to a night time cooling period. The transmission mosaic 
corresponds to the source at 10 m clearly depicts that the 
night time cooling period and strong windy after noon 
showed better ducted propagation range. The results clearly 
shows that so called afternoon effect is prominent only 
during the calm wind conditions. The source depth at 50 m 
(Fig. 5. Bottom panel) reveals that the presence of dominant 
ASHSW clearly enhances the acoustic propagation.
4. SuMMAry And concluSIonS
We have addressed the short-term thermo-haline 
variability off Minicoy and resolved the mixed budget 
terms reasonably well. The most prominent feature in 
the salinity structure is the presence of low saline waters 
during the rainy day and the spatio-temporal variability of 
ASHSW. ASHSW was observed throughout the period at 
W, but its intensity is not evident after 30 Jul, especially at 
Figure 5. temporal evolution of relative contribution of heat (left) and salt (right) budget terms in the mixed layer.
Figure 6. transmission loss mosaic of 1500 hz for the source at 10 
m (top panel) and at 50 m (bottom panel) for the three 
selected profiles viz., a) diurnal warming period -3 PM, 27 
Jul 2016 (strong winds & ASHSW was significant), b) diurnal 
warming period -3PM, 31 Jul (Weak winds & AShSW was 
less prominent), c) nighttime cooling period - 2 AM, 30 Jul 
2016 (Weak winds & AShSW was less prominent) . X – axis 
is range in km and y-axis is depth in m.
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N & E stations. The dominating term in the ML heat budget 
estimation is net surface heat flux followed by advective 
terms. While the salinity in ML is dominated by the residual 
term, which might be the contribution of buoyancy mixing 
due to the night time cooling. Transmission loss modelling 
results clearly suggests the significance of these budget terms 
in the acoustic propagation. During the calm, sunny day, the 
so-called afternoon effect due to the diurnal heating restricts 
the sonar range. But during the windy day, the wind/wave 
mixing prevents the warming of the surface layer which in turn 
enhances the sonar range. Similarly, the night time cooling 
also enhance the acoustic propagation range. The presence 
of ASHSW in the surface layer also enhances the acoustic 
propagation. Hence this study suggests that surface forcing 
and horizontal advection terms have significant role in acoustic 
propagation. Similar experiments can be extended for longer 
duration and different seasons for better understanding of the 
dynamics of the upper Ocean. 
rEFErEncES
1. Helber, R.W.; Barron, C.N.; Carnes, M.R. & Zingarelli, R. 
A. Evaluating the sonic layer depth relative to the mixed 
layer depth. J. Geophys. Res., 2008, 113, C07033. 
 doi: 10.1029/2007JC004595
2. Urick, R.J. In Principles of Underwater Sound, 3rd ed. 
Peninsula, Los Altos, California, 1983, pp.423. 
3. Rao, R.R. & Sivakumar, R. Seasonal variability 
of near-surface thermal structure and 
heat budget of the mixed layer of the tropical Indian 
Ocean from a new global ocean temperature climatology. 
J. Geophys. Res., 2000, 105(C1), 995–1016. 
 doi: 10.1029/1999JC900220
4. Sengupta, D.; Ray, P.K. & Bhat, g.S. Spring warming 
of the eastern Arabian Sea and Bay of Bengal from buoy 
data. Geophys. Res. Lett., 2002, 29(15).
 doi.10.1029/2002gL015340
5. Shenoi S.S.C.; Shankar, D. & Shetye, S.R. Differences 
in heat budgets of the near-surface Arabian Sea and Bay 
of Bengal: Implications for the summer monsoon. J. 
Geophys. Res., 2002, 107(C6). 
 doi:  10.1029/2000JC000679
6. Prasad, T.g. A comparison of mixed-layer dynamics 
between the Arabian Sea and Bay of Bengal: One-
dimensional model results. J. Geophys. Res., 2004, 109, 
C03035, 
 doi: 10.1029/2003JC002000
7. Boyer Montégut, C.; Vialard, J.; Shenoi, S.S.C.; Shankar, 
D.; Durand, F.; Ethé, C. & Madec, g. Simulated seasonal 
and inter annual variability of mixed layer heat budget 
in the northern Indian Ocean. J. Clim., 2007, 20, 3249-
3268. 
 doi:  10.1175/JCLI4148.1
8. Chowdary, J.S.; Parekh, A.; Ojha, S. & gnanaseelan, 
C. Role of upper ocean processes in the seasonal SST 
evolution over tropical Indian Ocean in climate forecasting 
system. Climate Dynam., 2015, 45(2), 387–405. 
 doi: 10.1007/s00382-015-2478-4
9. Rao, R.R. & Sivakumar, R. On the possible mechanism 
of the evolution of a mini-warm pool during the pre-
monsoon season and the onset vortex in the Southeastern 
Arabian Sea. Q.J.R. Meteorol. Soc., 1999, 125, 787-809.
10. Rao, R.R. & Sivakumar, R. Seasonal variability of sea 
surface salinity and salt budget of the mixed layer of the 
north Indian Ocean. J. Geophys. Res., 2003, 108(C1), 
3009. 
 doi:  10.1029/2001JC000907
11. Nyadjro, E.S.; Subrahmanyam, B.; Murty, V.S.N. & 
Shriver, J.F. The role of salinity on the dynamics of the 
Arabian Sea Mini Warm Pool. J. Geophys. Res., 2012, 
117, C09002. 
 doi: 10.1029/2012JC007978
12. Farrar, J.T.; Rainville, L.; Plueddemann, A.J.; Kessler, 
W.S.; Lee, C.; Hodges, B.A.; Schmitt, R.W.; Edson, J.B.; 
Riser, S.C.; Eriksen, C.C. & Fratantoni, D.M. Salinity 
and temperature balances at the SPURS central mooring 
during fall and winter. Oceanography, 2015, 28(1), 56–
65. 
 doi: 10.5670/oceanog.2015.06.
13. Venkatesan, R., Shamji, V. R., Latha, g., Mathew, S., 
Rao, R. R., Muthiah, A. & Atmanand, M. A. In situ ocean 
subsurface time series measurements from OMNI buoy 
network in the Bay of Bengal. Curr. Sci., 2013, 104(9), 
1166–1177.
14. Sengupta, D.; Parampil, S.R.; Bhat, g.S.; Murty, V.S.N.; 
Babu, V. Ramesh; Sudhakar, T.; Premkumar, K. & 
Pradhan, y. Warm pool thermodynamics from the Arabian 
Sea Monsoon Experiment (ARMEx). J. Geophys. Res., 
2008, 113, C1008. 
 doi:   10.1029/2007JC004623
15. Swenson, M.S. & Hansen, D.V. Tropical pacific ocean 
mixed layer heat budget: The pacific cold tongue. J. Phys. 
Oceanogr., 1999, 29, 69–81.
16. Kurian, J. & Vinayachandran, P.N. Mechanisms of 
formation of the Arabian Sea mini warm pool in a high-
resolution ocean general circulation model. J. Geophys. 
Res., 2007, 112, C05009. 
 doi: 10.1029/2006JC003631
17. Delcroix, T. & Henin, C. Seasonal and Interannual 
variations of the sea surface salinity in the tropical Pacific 
Ocean. J. Geophys . Res., 1991, 96, 22135 –22150, 
 doi: 10.1029/91JC02124
18. Foltz, g.R. & McPhaden, M.J. Seasonal mixed layer 
salinity balance of the tropical North Atlantic Ocean. J. 
Geophys. Res., 2008, 113, C02013, 
 doi: 10.1029/2007JC004178
19. Parampil, S.R., A. gera, M. Ravichandran, & Sengupta, 
D.  Intraseasonal response of mixed layer temperature and 
salinity in the Bay of Bengal to heat and freshwater flux. 
J. Geophys. Res., 2010, 115, C05002, 
 doi:  10.1029/2009JC005790
20. Morel, A. Optical modeling of the upper ocean in relation 
to its biogenous matter content (case I waters). J. Geophys. 
Res., 1988, 93(1), 652–665.
21. Kumar, Satheesh S. A modified numerical approach for 
leaky mode computation. Acta Acustica United Acustica, 
2017, 103(5), 767-777.
DEF. SCI. J., VOL. 69, NO. 2, MARCH 2019
162
AcKnoWlEdGEMEntS 
Authors are thankful to Shri S.K. Shenoy, Director, and 
Dr K.V. Sanil Kumar, Head, Ocean Science group, NPOL for 
their encouragement and motivation to carry out this study. 
The courteous efforts of Commanding Officer, officers and 
crew of INS Sagardhwani in smoothly conducting the mission 
are gratefully acknowledged. OMNI buoys are deployed and 
maintained by ESSONIOT and data are provided by ESSO-
INCOIS.
contrIbutorS 
dr P.A. Maheswaran, obtained his Masters and PhD in 
Oceanography from Cochin University of Science and Technology, 
Kochi, Kerala. Currently working as a Scientist ‘D’ at DRDO-
Naval Physical and Oceanographic Laboratory, Kochi. His 
research areas include: Mixed layer dynamics, thermohaline 
structure, sonar oceanography. 
In the present study, he has formulated the concept and 
research objective and did the processing, analysis, plotting 
and writing of the paper. 
Mr V.K. unny has obtained his MSc and MTech from Cochin 
University of Science and Technology. Currently working as 
Scientist ‘F’ at DRDO-Naval Physical and Oceanographic 
Laboratory, Kochi.  
In the current study, he executed the sea trials and did the 
quality checks of all the data. 
Mr K. Satheesh Kumar has obtained his Master’s from Kerala 
University and pursing his PhD from Cochin University of 
Science and Technology. Currently working as Scientist ‘E’ at 
DRDO-Naval Physical and Oceanographic Laboratory, Kochi. 
His field of specialisation include: Underwater acoustics, sonar 
performance modelling, operator theory, etc. 
In the current study, he has done the acoustic propagation 
modelling, plotting and interpretation of the acoustic results.
dr t. Pradeep Kumar has obtained his Master’s and PhD from 
Cochin University of Science and Technology. Currently  working 
as Scientist ‘g’ at DRDO-Naval Physical and Oceanographic 
Laboratory, Kochi. His field of specialisation include: Air-sea 
interaction, upper ocean dynamics, geo-acoustic properties of 
marine sediments. 
In the current study, he has guided for the study and also 
carried out the editing of the paper.
Mr c.P. uthaman has obtained his Master’s from Kannur 
University. Currently working as Technical Officer at DRDO-
Naval Physical and Oceanographic Laboratory, Kochi. 
In the current study, he has actively involved in the in situ 
data collection and processing. 
